Amyotrophic lateral sclerosis (ALS), characterized by degeneration of spinal motor neurons, consists of sporadic and familial forms. One cause of familial ALS is missense mutations in the superoxide dismutase 1 (SOD1) gene. Iron accumulation occurs in the CNS of both forms of ALS; however, its contribution to the pathogenesis of ALS is not known. We examined the role of iron in a transgenic mouse line overexpressing the human SOD1 G37R mutant. We show that multiple mechanisms may underlie the iron accumulation in neurons and glia in SOD1 G37R transgenic mice. These include dysregulation of proteins involved in iron influx and sensing of intracellular iron; iron accumulation in ventral motor neurons secondary to blockage of anterograde axonal transport; and increased mitochondrial iron load in neurons and glia. We also show that treatment of SOD1 G37R mice with an iron chelator extends life span by 5 weeks, accompanied by increased survival of spinal motor neurons and improved locomotor function. These data suggest that iron chelator therapy might be useful for the treatment of ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by progressive paralysis of skeletal muscles and degeneration of motor neurons in the spinal cord, brainstem, and cortex. Although 90% of the cases are of the sporadic form, the rest being familial, they share similar clinical and pathological features (Boillée et al., 2006) . The discovery of mutations in the free radical-scavenging protein copper/zinc superoxide dismutase (SOD1) in 20% of familial cases led to the generation of transgenic mouse models to study the disease (Rosen et al., 1993; Julien and Kriz, 2006) . Mutant SOD1 causes cell death by as-yetunknown toxic gain-of-function effects (Boillée et al., 2006; Julien and Kriz, 2006) . Several mechanisms for this toxicity have been suggested, including cytoskeletal abnormalities (Williamson et al., 1998) , glutamate toxicity (Rothstein, 1995) , protein aggregation (Julien, 2001; Ross and Poirier, 2004) , oxidative stress (Barber et al., 2006) , mitochondrial dysfunction (Williamson et al., 1998) , and extracellular SOD1 toxicity (Urushitani et al., 2007) . All of these factors may contribute to the pathogenesis of ALS.
High levels of iron in the CNS of ALS patients have also been reported (Oba et al., 1993; Imon et al., 1995; Kasarskis et al., 1995) , but its contribution to the progression of the disease is not known. Iron is essential for life, because it serves as an important cofactor for a number of enzymes involved in DNA, RNA, and protein synthesis, mitochondrial oxidation reactions, and other metabolic processes. However, its redox active nature means that it can generate free radicals and cause cell damage if not properly regulated or shielded. Mutations in the genes of some proteins involved in iron homeostasis are known to cause neurodegeneration in the CNS (Ponka, 2004; Zecca et al., 2004) . There is increased oxidative damage in cases of both sporadic and familial ALS, and also in animal models of ALS (Carrí et al., 2003) . Although no alteration in total copper was observed in mutant SOD1 transgenic mice (Subramaniam et al., 2002) , copper, zinc, and calcium chelators have been shown to be protective (Hottinger et al., 1997; Nagano et al., 2003; Petri et al., 2007) . However, there are reports of iron accumulation in the CNS of both familial and sporadic forms of ALS (Oba et al., 1993; Imon et al., 1995; Kasarskis et al., 1995) . The mechanisms underlying iron accumulation, and its contribution to the progression of the disease, including effects of iron chelators, are not known. We therefore assessed iron accumulation and changes in iron homeostasis mechanisms in SOD1 G37R transgenic mice, and show using an iron selective chelator that iron plays an important role in the progression of the disease.
Materials and Methods

Animals. Heterozygous transgenic mice expressing G37R mutant SOD1 (SOD1
G37R , line 29), which was generated by Wong et al. (1995) , were obtained from Dr. Jean-Pierre Julien (Laval University, Quebec City, Canada). Mice were maintained on a C57BL/6 background. All procedures used were approved by the McGill University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care.
Iron histochemistry. SOD1 G37R and control mice were deeply anesthetized with ketamine/xylazine/acepromazine (50:5:1 mg/ml) and perfused with 0.1 M phosphate buffer, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. Modified Perl's histochemistry was performed on 14-m-thick cryostat sections of the spinal cords to detect iron accumulation as described previously (Smith et al., 1997) . Briefly, sections were incubated with 4% potassium ferrocyanide and 4% HCl, followed by a series of incubations with diaminobenzidine and hydrogen peroxide and counterstained with 0.02% methyl green (all from Sigma-Aldrich).
Ferrozine iron assay. The ferrozine-based iron assay was used to quantify total iron levels in spinal cord homogenates of SOD1 G37R and control mice. The assay was performed as described previously (Riemer et al., 2004) . Briefly, the spinal cord was removed after intracardiac perfusion with PBS, the tissue was homogenized in PBS, and the protein concentration was estimated. Homogenates were then treated with acidic KMnO 4 to release iron from proteins. Samples were then incubated with iron detection agent (6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate, and 1 M ascorbic acid dissolved in water). A colorimetric measurement was used to calculate the amount of iron per milligram of protein by comparing the absorbance to that of a range of standard concentrations of FeCl 3 .
Quantitative real-time reverse transcription-PCR. Total RNA was purified from cervical, thoracic, and lumbar segments of the spinal cord using the RNeasy Lipid Tissue kit (QIAGEN), and quantitative real-time reverse transcription (QRT)-PCR was performed using the Brilliant Probebased QRT-PCR reagents and MX4000 (Stratagene), both following the protocols of the manufacturer. Gene-specific primers and Taqman probes were used as previously described (Jeong and David, 2006) . QRT-PCR for peptidylprolyl isomerase A (PPIA) was performed for use as an internal control (Feroze-Merzoug et al., 2002) . For data analysis, the sample cycle threshold values were normalized to that of PPIA and expressed as fold increase. Results are shown as the mean relative ratio (fold increase) of mRNA Ϯ SD of the mean from three separate experiments (n ϭ 3). The two-sample Student t test was used to determine statistical significance.
Western blotting. Spinal cord segments from SOD1 G37R and control mice were removed, and total protein was extracted as described previously (Jeong and David, 2003) . Proteins were separated by SDS-PAGE, transferred to polyvinylidene fluoride membrane (Millipore), and incubated with rabbit anti-ferroportin (Fpn), rabbit anti-divalent metal transporter 1 (DMT1) (both 1:4000; Alpha Diagnostics; anti-DMT1 recognizes both forms of DMT1), rabbit anti-transferrin receptor 1 (TfR1) (1:500; Zymed), or rabbit anti-ceruloplasmin (Cp) (1:1000; Dako). Blots were washed and incubated with peroxidase-conjugated IgG (1:200,000; Jackson ImmunoResearch) and detected with enhanced chemiluminescence (PerkinElmer). Equal loading of proteins was assessed using rabbit anti-␤-actin antibodies (1:400; Sigma-Aldrich).
Double immunofluorescence. SOD1 G37R and control mice were deeply anesthetized as above and perfused with 0.1 M phosphate buffer, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, and 14 m cryostat sections were obtained. Double immunofluorescence labeling of tissue sections was performed as described previously (Jeong and David, 2006) . Briefly, the tissue sections were incubated with PBS containing 2% normal goat serum and 1% ovalbumin to block nonspecific binding of antibodies. This was followed by an overnight incubation with rabbit anti-DMT1 or rabbit anti-Fpn antibody (1:400; both from Alpha Diagnostics) or a rabbit anti-ferritin (1:100; Dako) or a rabbit antimitochondrial ferritin antibody (1:100; generated by P. Arosio). After washing, the tissue sections were incubated with either monoclonal anti-GFAP for astrocytes (1:100; Sigma-Aldrich) or NeuN (for neurons; Millipore Bioscience Research Reagents) or Mac-1 (for macrophages; 1:200) as a cell-specific marker. The binding of antibodies was visualized with either fluorescein or rhodamine-conjugated secondary antibodies (1:200; Jackson ImmunoResearch). Sections were also counterstained with 100 ng/ml DAPI (4Ј-6-diamidino-2-phenylindole) (Vector Laboratories) and viewed with a Zeiss Axioskop 2 Plus microscope. Mitochondrial ferritin staining was quantified using the BioQuant Image analysis system by estimating the number of pixels. Identical thresholds were used to count pixels in two sections of each of the cervical, thoracic, and lumbar regions per animal (n ϭ 4 SOD1 G37R ; n ϭ 3 wild-type controls). Pixel numbers were then normalized to the area of section analyzed and reported as an arbitrary OD unit.
Immunohistochemistry. Vectastain ABC kit (Vector Laboratories) was used to detect TfR1 expression because of its low abundance in the CNS. TfR1 was stained in the tissue samples using a monoclonal anti-TfR1 antibody (1:200; Zymed) and a goat anti-mouse biotinylated secondary antibody (1:400; Jackson ImmunoResearch). Binding of the primary antibody was visualized by using DAB (diaminobenzidine) as the chromogen.
Sciatic nerve ligation. Three-month-old C57BL/6 mice were deeply anesthetized as above, and the left sciatic nerve was cut and ligated at the midthigh level. The right sciatic nerve was exposed and closed to serve as a sham control. After 30 d, animals were perfused with fixative as described above, and Perl's immunohistochemistry for iron was performed to detect iron in the lumbar spinal cord. The large ventral horn motor neurons were examined on both the ligated and control sides.
Gel retardation assay. A gel retardation assay was performed to assess the interaction between iron regulatory proteins (IRPs) and iron response elements (IREs) following an established technique (Kim and Ponka, 1999; Jeong and David, 2006) . Briefly, 30 g of total protein extract of cervical, thoracic, and lumbar spinal cord from 12-month-old SOD1 G37R and wild-type mice was mixed with 32 P-labeled ferritin IRE RNA probe (obtained from Dr. K. Pantopoulos, McGill University, Montreal, Quebec, Canada), which was transcribed in vitro from a linearized plasmid template using T7 RNA polymerase. The samples were incubated for 10 min at room temperature with heparin (5 mg/ml) to prevent nonspecific binding. Unbound probe was degraded by incubation for 10 min with RNase T1. The formation of RNA-protein complexes was then detected by gel electrophoresis using 6% non-denaturing polyacrylamide gels. The gels were scanned with a STORM860 (PhosphorImager) and analyzed with ImageQuant for densitometry (GE Healthcare).
Mitochondrial ferritin. Spinal cords from 12-month-old SOD1
G37R
transgenic and wild-type mice (n ϭ 3) were processed immediately for mitochondrial purification using the Mitochondria Isolation Kit for Tissue (Pierce) following the manufacturer's protocol. Isolation of purified mitochondria was verified on Western blots with the anti-COX IV antibody (1:1000; Cell Signaling). The mitochondrial preparation was then solubilized in 2% SDS, and 40 g of the protein samples were loaded onto each lane and separated on 4 -12% SDS-PAGE and blotted onto polyvinylidene fluoride membranes. The membranes were incubated with a rabbit anti-mitochondrial ferritin antibody (1:500).
Iron chelator treatments and blood sample analysis. SOD1 G37R mice were treated with the iron selective chelator salicylaldehyde isonicotinoyl hydrazone (SIH) as previously described (Richardson and Ponka, 1998; Klimtova et al., 2003) . Briefly, the SIH solution (50 mg/kg) was prepared fresh every time and used within 30 min. Mice (n ϭ 12) were injected intraperitoneally starting either at 8 months of age and treated either once or twice a week. The control group of mice was treated with the vehicle solution (PBS) (n ϭ 18). Analysis of survival was performed blind. The survival of the mice was analyzed by plotting Kaplan-Meier graphs. Two-way ANOVA was used to determine statistical significance. Blood samples from different groups of mice (n ϭ 4 for each group) were collected via the heart at the end of experiments, and blood analysis was done by the McGill University Animal Resources Centre's Diagnostic and Research Support Service.
Histological analysis of motor neuron survival after SIH treatment. SIHand vehicle-treated mice were killed at 50 weeks of age (end stage for the vehicle-treated mice) by intracardiac perfusion with 4% paraformaldehyde. The spinal cord segments were removed, and frozen 14-m-thick tissue sections were obtained. The tissue sections were stained with 0.1% cresyl violet, and the survival of the motor neurons was examined in the lumbar segment (n ϭ 3 per group; 35 sections per animal). The twosample Student t test was used to determine statistical significance.
Statistical analyses. Data in all graphs except the Kaplan-Meier graph in Figure 6 are shown as mean Ϯ SEM and assessed using Student's t test. Differences were considered significant at p Ͻ 0.05. The Kaplan-Meier survival data was analyzed using the log rank test.
Results
Two different patterns of iron accumulation in motor neurons and glia
Iron accumulation is seen in the spinal cord of SOD1 G37R transgenic mice at 12 months of age. Iron was detected in the cell bodies of the large ventral horn motor neurons ( Fig. 1 A-C) , but not in wild-type mice of the same age ( Fig. 1 F-H ). The iron staining in these neurons was in the form of small, round cytoplasmic inclusions ( Fig. 1 B, C) . Some glial cells in the gray and white matter of the transgenic mice also stained positively for iron, showing a more diffuse type of labeling of the entire cell body (Fig. 1 D, E) , which was not seen in wild-type controls ( Fig.  1 I, J ) . Quantification of the amount of total iron in spinal cord samples taken from 12-month-old mice using a colorometric ferrozine assay showed a 56% increase in SOD1 G37R mice (8.69 Ϯ 0.5 nmol/mg) compared with age-matched wild-type controls (5.56 Ϯ 0.3 nmol/mg; p Ͻ 0.05). We did not detect iron accumulation in the spinal cord of SOD1 G93A transgenic mice, which have a shorter life span of ϳ4 months. This suggests that the accumulation of iron in the CNS in this animal model is slow, which is relevant to ALS in humans with a mean age of onset at 50 years.
Dysregulated expression of iron homeostasis proteins Transporters and ferroxidases
The mRNA expression of three proteins that transport iron in or out of cells (DMT1, TfR1, and iron exporter Fpn) and two ferroxidases [Cp and Heph (hephaestin) ] were assessed in the cervical, thoracic, and lumbar spinal cord by QRT-PCR. This was first assessed at the end stage of the disease (i.e., 12 months of age). A striking finding is the caudal-to-rostral gradient in the mRNA levels of these proteins with the highest levels rostrally in the cervical region (Fig. 2 A) . DMT1 mRNA transcripts with and without iron response elements (ϩIRE and ϪIRE) are found in the CNS. In the cervical region, the increase was predominantly of DMT1 (ϪIRE) mRNA (5-fold), whereas TfR1, which also imports iron, showed a small increase (1.6-fold) (Fig. 2 A) . In contrast, in the lumbar region, the mRNA levels of DMT1 (ϪIRE) and TfR1 were below control levels. The increase in DMT1 (ϪIRE) mRNA suggests that factors other than cellular iron levels play a role in regulating its expression. However, the small but significant increase in TfR1 mRNA, which contains IREs, indicates that changes in intracellular iron levels also contribute to changes in their expression in some cell types.
The iron exporter Fpn also showed a caudal-to-rostral gradient with ϳ3.5-fold increase in the cervical region and a 2-fold increase in the lumbar region (Fig. 2 A) . In 12-month-old SOD1 G37R transgenic mice, a similar caudal-to-rostral pattern was also seen with the mRNA expression of Cp, a ferroxidase that functionally partners with Fpn (Fig. 2 A) . No changes were seen in the expression of the ferroxidase, hephaestin (data not shown).
The caudal-to-rostral pattern of mRNA expression described above, correlates with the caudal-to-rostral progression of the disease in SOD1 G37R transgenic mice. At 12 months of age, neurodegeneration is not fully underway in the cervical and thoracic spinal cord, whereas it is well advanced in the lumbar region. If this were to underlie the caudal-to-rostral pattern of expression, we reasoned that there would be a reverse gradient in mRNA expression of these iron homeostasis proteins at 4 months of age (presymptomatic stage). As expected, at 4 months of age, the mRNA expression of DMT1 (ϪIRE) and Fpn was highest in the lumbar region [3.5-fold for DMT1 (ϪIRE) and 2-fold for Fpn] (Fig. 2 B) and lowest in the cervical region (both unchanged). Because the relative increase in DMT1 mRNA appears to be higher than that of Fpn, this dysregulation may contribute to an overall increase in iron uptake into cells in the spinal cord of SOD1 G37R transgenic mice. At 4 months, Cp was also highest in the lumbar region (Fig. 2 B) .
The increased expression of DMT1, Fpn, and Cp in the cervical cord at 12 months of age was also confirmed by Western blot analysis (Fig. 2C) . The increase in DMT1 was more than twofold greater than that of Fpn and Cp, indicating higher expression of iron influx proteins than efflux proteins. No difference in TfR1 protein expression was detected in SOD1 G37R transgenic mice by Western blot. Double immunofluorescence labeling showed that, in 12-month-old SOD1 G37R transgenic mice, the expression of DMT1 was increased in motor neurons (Fig. 2 D-I ) in the ventral horn of the spinal cord, and also in some GFAP ϩ astrocytes (data not shown), whereas TfR1 expression was increased in glia (Fig. 2 J, K ) .
Iron storage protein ferritin
Ferritin is a sensitive indicator of cellular iron status, and an increase in ferritin reflects iron accumulation. A similar caudalto-rostral pattern of increasing mRNA expression was also seen with ferritin heavy (FTH) and light (FTL) chains in 12-monthold SOD1 G37R transgenic mice (Fig. 3A) . In the cervical region, there is a fourfold increase in FTH and a ninefold increase in FTL, whereas their levels in the lumbar region were either reduced G37R than in wild-type mice. There is a greater than twofold increase in DMT1 expression in SOD1 G37R mice than in Fpn and Cp. TfR1 did not show a difference in total protein expression in SOD1 G37R mice compared with the wild-type mice. ␤-Actin was used as a loading control. D-I, Double immunofluorescence labeling shows that, in the cervical spinal cord of 12-month-old SOD1 G37R transgenic mice, DMT1 expression is upregulated in surviving ventral horn neurons (G, arrows) doublelabeled for the neuronal marker NeuN (H, arrows), compared with wild-type mice (D-F ). Scale bar, 100 m. J, K, TfR1 expression is markedly increased in glial cells (K, arrows) in the spinal cord white matter of SOD1 G37R transgenic mouse compared with the wild-type control (J, arrows). Scale bar, 50 m. L, Electron mobility shift assay with protein extracts of spinal cords show that there is an approximately twofold increase in IRP1 binding activity in the SOD1 G37R samples (G37R) compared with wild-type (Wt) mice [(Ϫ) 2-ME samples]. This increase of IRP1 activity is only seen in the spinal cord but not in the liver samples. There was no detectable IRP2 activity in these tissues. ␤-Mercaptoethanol (2-ME)-treated samples [(ϩ) 2-ME] were used as loading controls.
(FTH) or unchanged (FTL). Increased cytosolic ferritin expression occurs in glia, mainly microglia and some astrocytes, but not in neurons (Fig. 3B-M ) . The morphology of iron-positive inclusions in neurons described above, along with the lack of cytosolic ferritin staining in motor neurons suggests that the neuronal iron containing inclusions are not associated with cytosolic ferritin, but are associated with some other cytosolic compartment. These data suggest that, in SOD1 G37R mice, neurons and glia might accumulate iron via different mechanisms: glia via TfR1 and ferritin and neurons via DMT1 and other mechanisms. One such mechanism that can influence the accumulation of iron in large motor neurons in SOD1 G37R transgenic mice is disruption of axonal transport.
Changes in SOD1
G93A transgenic mice Interestingly, increases in mRNA expression of iron homeostasis proteins was also seen in the spinal cord at the end stage (4 months) in SOD1 G93A transgenic mice, particularly of DMT1 (with and without IRE), and ferritin (heavy and light chains) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). This increase in ferritin mRNA suggests an increased iron load, because iron is known to regulate ferritin mRNA transcription (Hintze and Theil, 2006) . As mentioned above, this short-lived transgenic mouse line does not show iron accumulation in the spinal cord by Perl's histochemistry. This is in agreement with our previous work on the aging brain, which showed that increases in ferritin mRNA are a more sensitive indicator of increased iron in the CNS than iron detectable by Perl's histochemistry.
Iron accumulation induced by disruption of anterograde axonal transport
Because alteration of axonal transport is reported in ALS and in the SOD1 transgenic mice (Sasaki and Iwata, 1996; Zhang et al., 1997; Williamson and Cleveland, 1999) , we assessed whether disruption of axonal transport would result in accumulation of iron in neuronal cell bodies. To test this, we ligated the sciatic nerve unilaterally in adult wild-type mice. After 30 d, the spinal cord was assessed for iron accumulation using Perl's histochemistry. Large ventral horn motor neurons on the ligated side showed increased granular iron accumulation in the cell bodies compared with neurons in the uninjured side (Fig.  4 A-C) . These data suggest that blockade of axonal transport, which is known to occur in the experimental model of ALS (Zhang et al., 1997) , is also likely to contribute to the iron accumulation in the motor neurons in SOD1 G37R transgenic mice. This effect may be attributable to impairment of iron trafficking along the axon or attributable to retrograde neuronal changes caused by axonal damage.
Changes in the iron regulatory system
Another mechanism that increases iron uptake into cells is binding of IRP to IREs, which regulate the mRNA levels of several iron homeostasis proteins including TfR1. We found an increase of TfR1 mRNA in the cervical and thoracic regions in 12-month-old SOD1 G37R transgenic mice. Recent in vitro studies have shown that transfection of mutant SOD1 (SOD1 G93A ) into a human astrocytoma cell line led to an increase in IRP1 activity and TfR1 expression (Danzeisen et al., 2006) . Electromobility gel shift assays to assess IRP1 binding activity in the spinal cord of 12-month-old SOD1 G37R transgenic mice revealed a twofold increase in the spinal cord of SOD1 G37R transgenic mice compared with wild-type controls (Fig. 2 L) . This change in the IRP1 binding activity is specific for spinal cords from SOD1 transgenic mice, because no difference is seen in the liver. Of interest is that the twofold increase in IRP1 activity in the cervical and thoracic re- gion is correlated with an expected increase in TfR1 mRNA expression. However, in the lumbar region, there is an even greater increase in IRP1 activity (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material), but this is associated with a significant reduction in TfR1 mRNA levels (Fig. 2 A) . This dysregulation of IPR1 activity and TfR1 mRNA expression may be attributable to the effects of inflammation as discussed later.
Increase in mitochondrial iron in SOD1
G37R mice A number of lines of evidence indicate mitochondrial abnormalities in the spinal cord in ALS and in transgenic mice expressing SOD1 mutants (Wong et al., 1995; Kong and Xu, 1998; Jaarsma et al., 2000; Bendotti et al., 2001; Hervias et al., 2006) . Mutant SOD1 has been shown to preferentially associate with spinal cord mitochondria via tight association or cross-linking to the outer mitochondrial membrane (Liu et al., 2004) . Additionally, the SOD1 G37R mutant protein was also found to be associated with the inner mitochondrial membrane (Liu et al., 2004) . Such association of the mutant SOD1 protein with mitochondrial membranes is thought to lead to disruption of mitochondrial function (Liu et al., 2004) . Much of the iron that normally enters cells is likely to be transported to the mitochondria, because it is the major site of generation of iron-sulfur clusters (Napier et al., 2005; Rouault and Tong, 2005; Lill et al., 2006) . Iron-sulfur clusters, which serve as important cofactors, are inserted into mitochondrial proteins such as those of the oxidative chain or exported into the cytosol for incorporation into proteins and enzymes that play a variety of metabolic functions (Rouault and Tong, 2005; Lill et al., 2006) . In vitro studies have shown that overexpression of SOD1 G37R causes increases in mitochondrial superoxide and a shift in the redox potential Zimmerman et al., 2007) . Furthermore, in vitro work has also shown that oxidation of iron-sulfur clusters by superoxide can cause release of iron (Liochev and Fridovich, 1994) . Therefore, breakdown of iron-sulfur clusters in the mitochondria could lead to increased iron in mitochondria. Although mitochondrial ferritin (MtF) does not contain IREs, overexpression of MtF was shown to cause cytosolic iron deprivation and to trap iron in the mitochondria (Nie et al., 2005) . We therefore assessed whether there is an increase in MtF by Western blot analysis of mitochondrial preparations purified by subcellular fractionation from the spinal cord and kidney of 12-month-old SOD1 G37R and wild-type mice. There was a twofold increase in MtF in the spinal cord but not the kidney of SOD1 G37R mice compared with the wild type (Fig. 5 A, B) . Additionally, immunofluorescence staining showed a marked increase in MtF in the ventral horn motor neurons and astrocytes in 12-month-old SOD1 G37R transgenic mice but not wild-type mice of the same age (Fig.  5D-O) . Quantification of this immunofluorescence labeling showed a caudal-torostral gradient in the increase in MtF in SOD1 G37R transgenic mice (Fig. 5C ). These data suggest that there is a significant increase in mitochondrial iron in motor neurons and glia in the spinal cord in this mouse model of ALS. Increased iron in the mitochondria could lead to neurodegeneration as occurs in Fredrick's ataxia, which results from mutations in the mitochondrial protein frataxin (Campuzano et al., 1996) .
Protective effects of iron chelator in vivo
Because there is disruption of iron homeostasis and iron accumulation in SOD1 G37R transgenic mice, we assessed the effects of an iron chelator on the progression of the disease. The highaffinity, lipophilic iron chelator SIH (Klimtova et al., 2003; Cheah et al., 2006) administered intraperitoneally starting at 8 months of age, once a week, increased the mean life span by 3.5 weeks (Fig. 6 A) (controls, 50.5 Ϯ 2.6; SIH, 54.08 Ϯ 2.5 weeks; log rank test; p ϭ 0.002). Furthermore, when SIH was given twice a week starting at 8 months of age, the mean life span was increased by 5 weeks, with this group showing a lower p value of 0.00009 (Fig.  6 A) (SIH, 55.5 Ϯ 2.7; log rank test). Histological analysis showed that there were more surviving neurons (17 Ϯ 4/10 5 m 2 ) at 50 weeks in SIH-treated SOD1 G37R transgenic mice compared with vehicle-treated SOD1 G37R mice (2.24 Ϯ 1/10 5 m 2 ; p Ͻ 0.001) at the same age (Fig. 6 B, C) . Furthermore, SIH treatment also resulted in a fivefold to sixfold reduction in the number of ironcontaining cells in Perl's stained tissue sections of the spinal cord (Fig. 6 D) . There was also a precipitous drop in body weight of vehicle-treated mice between 47.5 and 50 weeks of age (Fig. 7) . In contrast, mice treated twice a week with SIH showed no changes in body weight during this period, indicating a delay in the onset of disease. Mice treated once a week with SIH showed body weight changes that lay in-between the controls and the twice-aweek treatment group (Fig. 7) . The supplemental videos (available at www.jneurosci.org as supplemental material) show that the twice-a-week SIH-treated mice have marked improvement in locomotor function. This 4 month treatment was well tolerated, because these mice did not show hematological signs of anemia (supplemental Table 1 , available at www.jneurosci.org as supplemental material). These data provide strong evidence that the disruption of iron homeostasis and increased iron accumulation in the CNS contributes to the progression of the disease in SOD1 G37R transgenic mice.
Discussion
There is evidence from the clinical literature of iron accumulation in the CNS of patients with ALS (Oba et al., 1993; Imon et al., 1995; Kasarskis et al., 1995) . Although this has been known for some time, direct evidence of a role for iron in ALS has not been demonstrated thus far. Our data provide clear evidence that iron accumulation occurs in both neurons and glia but that different molecular mechanisms may contribute to iron accumulation in these two cell types. In glia, the increase in TfR1 that is likely to be mediated by the increase in IRP1 binding activity may underlie the influx of iron into these cells. Normally, IRP1 would be expected to concomitantly reduce the expression of ferritin (Pantopoulos, 2004) . However, cytosolic ferritin expression goes up mainly in microglia, which could acquire iron from phagocytosis of dead and dying cells. Cytosolic ferritin mRNA expression is also known to be increased by proinflammatory cytokines or nitric oxide (Torti et al., 1988; Wei et al., 1990; Miller et al., 1991; Kwak et al., 1995; Tsuji et al., 2000; Mikhael et al., 2006) . Because inflammation and increased cytokine expression have been reported in the spinal cord of SOD1 transgenic mice (Nguyen et al., 2001) , this may underlie the increase of ferritin in microglia and increase their capacity to store iron. However, prolonged increases in iron could lead to loss of these cells. We have shown previously that astrocytes in Cp null mice, which lose their ability to efflux iron, markedly increase their expression of ferritin; however, they eventually die from iron-mediated toxicity (Jeong and David, 2006) . In contrast to glia, neurons in the SOD1 G37R transgenic mice show increased expression of DMT1. The QRT-PCR data show that the increase in DMT1 mRNA is mainly of the ϪIRE transcripts, which are not regulated by changes in iron levels but by other factors such as proinflammatory cytokines that are known to be increased in the spinal cord of SOD1 G37R transgenic mice (Elliott, 2001; Ghezzi and Mennini, 2001; Hensley et al., 2002 Hensley et al., , 2003 . Although the iron efflux transporter Fpn is also increased in the transgenic mice, the overall level of expression of Fpn mRNA and protein appears to be twofold lower than that of DMT1. It is therefore possible that the greater increase in DMT1 might contribute, in part, to the iron accumulation in neurons. However, direct evidence for this is lacking at present. Another factor that may contribute to iron accumulation in the motor neurons in the ventral horn may be a consequence of blockage of axonal transport. A variety of structural, metabolic, and synaptic elements are transported down the axon by anterograde transport. There is some indirect evidence to suggest that iron may also be transported down the axon by anterograde transport (Wu et al., 2004; Zhang et al., 2005) . We now provide evidence that ligation of the sciatic nerve in wild-type mice results in iron accumulation in the cell bodies of the ventral horn motor neurons. This may be either attributable to the blockade of anterograde transport of iron and its return and accumulation in the neuronal cell bodies or attributable to stress-related retrograde changes in the neuronal cell body as a result of nerve ligation. In either case, such mechanisms may also contribute to iron accumulation in ventral motor neurons in SOD1 transgenic mice and in ALS in which axonal aggregate formation disrupts axonal transport (Sasaki and Iwata, 1996; Zhang et al., 1997; Williamson and Cleveland, 1999) . Therefore, altered axonal transport may contribute to the iron accumulation seen in neurons in ALS.
Mutant SOD1 can form nonsoluble aggregates and specifically bind to the mitochondrial membrane in the spinal cord (Liu et al., 2004) . These aggregates are thought to disrupt the mitochondrial import machinery and lead to mitochondrial dysfunction that may contribute to the pathogenesis of the disease. Our current work indicates that this may also involve disruption of mitochondrial iron homeostasis leading to iron accumulation in mitochondria and iron-mediated toxicity. Mitochondria are the main sites of generation of iron-sulfur clusters, which are incorporated into a variety of proteins and serve as important cofactors for numerous enzymes (Kispal et al., 1999; Lange et al., 2000) . One important Fe-S clustercontaining protein that is involved in maintaining iron homeostasis is IRP1, which is a bifunctional protein that also serves as cytosolic aconitase. When iron is low, breakdown of the Fe-S cluster in aconitase causes a conformational change that transforms it to IRP1, which binds to IREs. Binding of IRP1 to IRE causes more Fe influx into cells by stabilizing the mRNA of the iron importer TfR1. Disruption of mitochondrial Fe-S assembly or blockage of transport across the mitochondrial membrane would cause deprivation of Fe-S clusters in the cytosol and generate constitutively active IRP1 in its IRE binding form and lead to faulty iron sensing. This may underlie the iron accumulation in glia in the cervical and thoracic regions in SOD1 G37R transgenic mice at 12 months of age, which is associated with an increase in IRP1 activity and increased TfR1 expression. In contrast, in the lumbar cord in these transgenic mice, the even greater IRP1 activity is associated with a significant reduction in TfR1 mRNA. It should be noted in this context that the inflammation and degenerative changes are most severe in the lumbar region and is progressively less more rostrally. It is possible therefore that dysregulation of IPR1 activity and TfR1 mRNA expression in the lumbar region may be attributable to inflammationmediated upregulation of hepcidin (Oates and Ahmed, 2007; Wang et al., 2008) , which has been shown to downregulate TfR1 mRNA independent of IRE/IRP binding activity (Martin et al., 2004) .
Overexpression of SOD1 G37R can also cause an increase in mitochondrial superoxide levels and shift in the redox potentials in vitro Zimmerman et al., 2007) . Moreover, in vitro studies have shown that superoxide can cause oxidation of Fe-S clusters and cause release of iron (Liochev and Fridovich, 1994) . Therefore, breakdown of Fe-S clusters in the mitochondria can cause accumulation of iron in mitochondria. This increased mitochondrial iron might be incorporated into mitochondrial ferritin, which we have detected is increased in the spinal cord of SOD1 G37R mice. In addition, superoxide-mediated breakdown of Fe-S could also contribute to the increased IRP1 activity we have detected. This loss in the ability to sense cellular iron levels would lead to more iron uptake and iron accumulation in cells.
Treatment with the iron chelator provides strong evidence of the important role of iron-mediated toxicity in the progression of the disease. The iron chelator treatment led to increased lifespan, improved survival of ventral horn motor neurons, and reduced iron burden in the spinal cord. The enhancement of life span by 5 weeks in the slow progressing SOD1 G37R transgenic line compares well with other approaches used in the SOD1 G37R mice in which a single therapy was tested (Kriz et al., 2002 (Kriz et al., , 2003 . Our work now provides a strong rationale for the inclusion of iron chelator therapy for the treatment of ALS. G37R mice were treated with SIH either once (n ϭ 12) or twice (n ϭ 12) a week starting at 8 months of age. Control SOD1 G37R transgenic mice were injected with saline (n ϭ 18). B, C, Representative micrographs of cresyl violet-stained lumbar spinal cord tissue sections from vehicle-treated (B) and SIH-treated (C) SOD1 G37R mice at 50 weeks of age. Note the greater numbers of surviving motor neurons in the SIH-treated mouse (arrows point to some of the neurons) compared with the vehicle-treated mouse. Scale bar, 50 m. D, Quantification of Perl's-stained sections of the spinal cord shows a marked reduction of iron-labeled cells in the ventral region in the cervical, thoracic, and lumbar cord of SIH-treated compared with vehicle-treated SOD1 G37R mice (n ϭ 3 per group; *p Ͻ 0.05). Error bars indicate SEM.
